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Abstract 

The m o d e l  sequence c a l c u l a t i o n s  by t he  writers 

of e a r l y  s o l a r  evo lu t ion  have been extended t o  the case 

Of a varying-G cosmology. 

is  less l i t h i u m  d e p l e t i o n  than i n  a constant-G sun,  an6 

the t i m e  requi red  t o  burn o u t  c e n t r a l  hydrogen is 

decreased by less than t h e  r a t i o  of luminos i t i e s  owing 

t o  t h e  much g r e a t e r  t o t a l  helium product ion i n  the  

v a r y i n g 4  sun. 

has f o u r  t i m e s  t h e  B8 neu t r ino  f lux  of t h e  constant-G 

model, a p r e d i c t i o n  which can be sub jec t ed  t o  an expe r i -  

I n  t h e  varying-G sun there 

A t  the p resen t  t i m e  t h e  v a r y i n g 4  model 

mental check. 
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I n t roduc t i  on 

There. have been a number of a t tempts  t o  inco rpora t e  Mach's 

P r i n c i p l e  i n t o  gene ra l  r e l a t i v i t y .  

of t h e s e  is t h e  a t tempt  by R.H. Dicke and h i s  co l leagues  t o  

Perhiips the nost  promisi ?-q 
! 

i n t roduce  a scalar f i e ld  i n t o  gene ra l  r e l a t i v i t y  i n  a d d i t i o n  

t o  the usua l  tensor  f i e l d  ( D i c k e  1964). Such a theory  can be 

formulated i n  a v a r i e t y  of ways, b u t  the most u s e f u l  way appears 

to be a formulat ion i n  which particle masses remain unchanged 

w i t h  t i m e ,  b u t  i n  which t h e  g r a v i t a t i o n a l  coupl ing c o e f f i c i e n t  (4 

v a r i e s  w i t h  t i m e .  

that the p o s s i b i l i t y  has  n o t  y e t  been subjec ted  t o  a d e f i n i t i v e  

l a b o r a t o r y  test. 

p o s s i b l e  as t ronomical  o r  geophysical  t e s t s  of t he  idea of a vzr:~:-g 

G .  

The requ i r ed  rate of v a r i a t i o n  of G is so s:c\ 

Consequently, it has been necessary t o  look fo r  

I t  appears  that  v a r i a t i o n s  i n  G will have a g r e a t  e f f e c t  CII 

s tel lar evolu t ion .  G e n t e r s  i n t o  the equat ions of s te l lar  s t i rcc-  'ne 
8 

' through the equat ion  of h y d r o s t a t i c  equilibrium: 

dP G M ( r )  P 
dr 
- =  - 

2 
f 

where M ( r )  is the mass i n s i d e  radial d i s t a n c e  r, p is  t h e  density 

I and P is the pressure. When G is lar 
I 
i . 
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the p r e s s u r e  g r a d i e n t  is correspondingly l a r g e r ,  and hence any 

_ _  I -- 

e l 
I 

s t r u c t u r e s  c a l c u l a t e d  c o n s i s t e n t  with t h e  equat ion of hydros t a t i c  

equi l ibr ium are more compact. This means t h a t  t h e  c e n t r a l  tempera- 

t u r e s  of t h e  stars would be larger, t h e  opacity would be: consider-  

ab ly  reduced, and s te l la r  luminos i t ies  are l i k e l y  to be much 

g r e a t e r  than a t  t h e  p re sen t  t i m e .  I n  f a c t ,  Dicke has est imated 

t h a t  t h e  luminosity of a s tar  i n  r a d i a t i v e  e q u i l i b r i u m  might w e l l  

vary as t h e  seventh or e igh th  power of G.  

Our p r e s e n t  evolut ionary study was motivated by two poss ib l e  

e f f e c t s  which a varying G would have upon t h e  evolu t ion  of t h e  

sun. These e f f e c t s  have concerned the  rate of d e s t r u c t i o n  of 

lithium i n  t h e  o u t e r  layers of t h e  sun and t h e  totar”evo1ut ionary 

l i f e t i m e  of t h e  s t a r  of s o l a r  mass. 

The e s s e n t i a l s  of t h e  l i th ium problem a r e  a s  follows. Li th ium 

is observed t o  be deple ted  i n  the  sun, r e l a t i v e  t o  l i th ium i n  the  

meteorites, by a t  least  2 orders  of magnitude (Shima and Honda 1963, 

Suess and Urey 1958). 

sun or t h e  meteorites i s  normal. Some o the r  stars are observed 

The ques t ion  then arises as t o  whether t h e  

t o  have much more l i t h ium than t h e  sun: i n  f a c t  t h e i r  l i t h ium 

abundances are q u i t e  comparable t o  those i n  meteor i tes .  Cameron 

(1962) has suggested t h a t  the meteor i t ic  abundance of l i t h i u m  is  

normal, and that t h e  sun and c e r t a i n  other  stars have been deple ted  
I 
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i n  l i t h ium t o  a great e x t e n t .  On t h e  o t h e r  hand, Fowler, Grc?er-stein, 

and Hoyle (1962) have suggested t h a t  the normal l i t h ium abiini!arca 

is extremely small in t h e  m a t t e r  out 2f w i i i c k  t ' r e  so lar  syi ; : . '~  

condensed, and t h a t  t h e  amount p re sen t  i n  t h e  sLn and i n  t h e  

me teo r i t e s  w a s  made by s p a l l a t i o n  and neutron cap tu re  processes  

t ak ing  place i n  t h e  e a r l y  h i s t o r y  of t h e  s o l a r  s y s t e m .  Thus it- 

is of great  i n t e r e s t  t o  determine t o  what e x t e n t  l i t h i u m  would be 

dep le t ed  i n  t h e  normal course  of s o l a r  evo lu t ion  by thermon:icIL 2r 

r e a c t i o n s .  

W e  have r e c e n t l y  shown (Ezer and Cameron 1965) t h a t  tit<? t7 -ly 

phases of evo lu t ion  of t h e  sun involve  a f u l l y  convect ive o3je- - 

which c o n t r a c t s  toward t h e  main sequence. Af t e r  some t i m e ,  thc 

c e n t r a l  reg ions  of t h e  pr imordial  sun change over t o  r ad ia t i r l e  

equi l ibr ium,  and t h e  lower boundary of t h e  convection zone .i:y lche. 

t h e  su r face .  There i s  s t i l l  an  ou te r  convect ion zone i n  t h c  I 

i n d i c a t i n g  t h a t  t h e  sun has  never been f u l l y  r a d i a t i v e .  

has c e r t a i n l y  been destroyed toward t h e  c e n t e r  of the sun ,  sa - -, a t  

t h e  ques t ion  occurs  as t o  whether it would ever  be destroyed i> 

t h a t  part of  t h e  ou te r  l a y e r s  which c o n s t i t u t e  t h e  convec t ive  zL-ze. 

Our r e c e n t  s tudy  i n d i c a t e d  t h a t  whi le  t h e  dep le t ion  of L i  was 

7 
q u i t e  l a r g e  dur ing  t h e  con t r ac t ion  phase,  t h e  d e p l e t i o n  of L i  

was r e l a t i v e l y  minor, amounting t o  a f a c t o r  of only 1.5. 

L i t h i , - ,  

6 

I 
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There are many processes  by which t h e  d e p l e t i o n  of l i t h ium 

i n  t h e  sun could have been more extensive than i n d i c a t e 3  i n  t h e  

above c a l c u l a t i o n s .  These processes  inc lude  t h e  e f f e c t s  of 

meridional  c i r c u l a t i o n  owing EO a rapid e a r l y  r o t a t i o r .  of t'ne sc;, 

and a p o s s i b l e  ex tens ive  mass l o s s  of t h e  ou te r  l a y e r s  of t h e  srn. 

Meridional c i r c u l a t i o n  would allow interchange of matter between 

t h e  convec t ive  envelope and t h e  inner  parts of the sun which are 

i n  r a d i a t i v e  equi l ibr ium.  M a s s  l o s s  from t h e  s u r f a c e  of t h e  sun 

would c a r r y  away l i t h ium i n t o  sgace; t h e  remaining l i t h ium would 

be d i l u t e d  as t h e  o u t e r  convection zone then extends i n t o  deeper 

l a y e r s .  Nei ther  of t h e s e  ques t ions  have y e t  been q u a n t i t a t i v e l y  

examined. However, Professor  Dicke suggested t o  u s  t h a t  i n  t h e  

e a r l y  c o n t r a c t i o n  phases of t h e  sun, i f  G is g r e a t e r  than a t  

p re sen t ,  the i n t e r i o r  luminosi ty  of the sun would be a l s o  g r e a t l y  

inc reased ,  and t h i s  might cause t h e  ou te r  convect ion zone t o  extz:ll 

t o  a g r e a t e r  depth a t  any given t i m e  during t h e  c o n t r a c t i o n  phase.  

H i s  , sugges t ion  w a s  t h e r e f o r e  t h a t  a more ex tens ive  convect ion 

r e g i o n  i n  t h e  e a r l y  c o n t r a c t i o n  phases would g r e a t l y  i n c r e a s e  

t h e  l i t h i u m  dep le t ion .  This  suggest ion w a s  one of t h e  motivating 

factors i n  our d e c i s i o n  t o  s tudy  s o l a r  evo lu t ion  wi th  varying G .  
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The ques t ion  of the  solar evolut ic l i  l i f e t i m e  i s  in t imate l :  

connected wi th  t h e  abundance of helium in t h e  sun and i n  the  

j-alzxy as a whole. I n  an expanding xodlel universe of the z ' : ~ :  

tha t  D i c k e  sugges ts  t o  be c o n s i s t e n t  wi th  t h e  v a r i a t i o n  of G ,  I '  _ 
p r e s e n t  age of the universe  i s  about 7 x 10 y e a r s ,  and hence t h c  

sun  and s o l a r  system would have t o  be formed a t  t h e  r e l a t i v e l y  

9 e a r l y  universe  age of 2.5 x 10 yea r s .  This  r a i s e s  important 

q u e s t i o n s  concerning nucleasynthesis .  I f  t h e  universe  goes 

through a h igh  temperature-high dens i ty  s t a g e ,  then t h e r e  i s  t k A c  

9 

p o s s i b i l i t y  t h a t  t h e  l a r g e  abundance of helium i n  t h e  s u n  ar..: 

stars is of pr imordia l  o r i g i n  (Peebles 1965) .  The a l t e r n a t e  

p o s s i b i l i t y  t h a t  t h e  helium h a s  been manufactured i n  s t e l l a r  

i n t e r i o r s  w a s  r e c e n t l y  considered by Truran, Hansen, and Caiyc :-.;: 

(1965). Their  conclusion w a s  t h a t  inadequate  amounts of he;;.. 

could be made i n  massive r a p i d l y  evolving s ta rs ,  b u t  t h a t  th<-:-: 

w a s  a p o s s i b i l i t y  tha t  s u f f i c i e n t  amounts of helium might be vC.c. 

i n  stars of approximately solar mass. Most of  t h e  mass of t h z  

galaxy must be processed through such stars i n  order  t o  manu- 

f a c t u r e  t h e  i n i t i a l  s o l a r  abundance of helium. The c r u c i a l  

I 

q u e s t i o n  regarding the p o s s i b i l i t y  of making helium i n  a more 

rapidly evolving universe ,  such as suggested by Dicke, t hus  

involves the ques t ion  of whether t he  l i f e t i m e  of t h e  sun would 
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9 be shortened t o  much less than 2.5 x 10 i f  t he  s u n  was 

formed r a t h e r  e a r l y  i n  the  l i f e t i m e  of t h e  un ive r se .  Professor  

Dicke had suggested that such a shWr~e11ex3 iiA:eiirrie w o u l d  cxcar 

as a r e s u l t  of t h e  inc rease  of G a t  e a r l i e r  t i m e s .  T h i s  has  beec 

a second motivating factor i n  t h e  i n v e s t i g a t i o n s  reported i n  t h i s  

paper.  

The Var ia t ion  of G 

The gene ra l  r e l a t i v i s t i c  and cosmological equatioris which 

inco rpora t e  t h e  scalar and tensor  g r a v i t a t i o n a l  f i e l d s  have been 

d iscussed  by Brans and Dicke (1961) .  Ir. such a cosmology G varies 

very r a p i d l y  i n  t h e  e a r l y  stages b u t  much more s lowly  a t  l a t e r  

t i m e s .  These v a r i a t i o n s  of G m u s t  be determined by numerical 

i n t e g r a t i o n s  of equat ions 48 to 58 of t h e  a r t i c l e  of Brans and 

Dicke. During t h e  earlier phases of the  expansion an a n a l y t i c a l  

s o l u t i o n  may be used, which i s  given by equat ions 60 t o  63 of t h e  

paper by Brans and Dicke. Professor  Dicke has  recommended t o  us 

t h e  following sets of parameters which g ive  a reasonable  model of 

t h e  expanding universe  c o n s i s t e n t  with presen t  experimental  data:  

( u = 5  

present  t i m e  = 7 . 0  x 10 years  

d e c e l l e r a t i o n  parameter - a a/S2 = 1.25 

9 



which y i e l d s  a t  the present t ine  

-11 -1 
G / G ~  = - 2.01 x 10 

TH = a/& = H u b b l e  age = 13.5 x 20 years. 

years 

9 

Professor Dicke has  provided us with n.Jmerica1 solutions ts I.;E. 

cosmological equations for these parameters w h i c h  have beer, 

obtained by Professor Peter R o l l .  Variation of G with time 

corresponding t o  t h i s  model is shown i n  Figure 1. 

W e  have approximate5 the variation of G by ?he fol lowlt . - -  

expr es s ions : 

0.1083 7 36 G - = 1.010 (7) 
GO 

for  t h e  i n t e rva l  

0 .< Tg 5 0.905: 

G - = 1.3943 - 0.1507 Tg -4 0.00664 Tg2 + 0.00499 Y,.,' 
GO 

( 3  i 

fo r  the in t e rva l  

and 

2 G - =  1,25130 - 0.05116 T9 + 0.00218 Tg 
GO (4 )  

. for the i n t e r v a l  
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Resul t s  and Discussion 

Evolut ionary sequences of s o l a r  models were cons t ruc ted  i n  

che same manner as descr ibed  i n  our preview paper (Ezer ana 

Cameron 1965). The only modif icat ion used w a s  the  t r e r tmen t  of 

G as a v a r i a b l e  r a t h e r  than  a s  a cons t an t  i n  t h e  equat ions.  

There i s ' a  conceptual  e r r o r  a s soc ia t ed  wi th  t h i s  t rea tment  

which, however, does n o t  make a s i g n i f i c a n t  e r r o r  i n  t h e  f i n a l  

r e s u l t s .  

The g r a v i t a t i o n a l  p o t e n t i a l  energy of t h e  sun i s  p ropor t iona l  

t o  G.  

sun is h a l f  t h e  g r a v i t a t i o n a l  p o t e n t i a l  energy. Hence, as G 

decreases w i t h  t ime, t h e  binding energy of t h e  sun should a l s o  

dec rease  w i t h  t i m e .  The only source of energy t o  supply t h i s  

decrease  i n  t h e  binding energy is  t h e  scalar g r a v i t a t i o n a l  f i e l d  

i tself  .) Consequently, a complete theory of s t e l l a r  s t r u c t u r e  i n  

t h e  presence  of varying G would inc lude  an energy i n p u t  t o  t h e  

sun due t o  the v a r i a t i o n  of the scalar f i e l d .  

t e r m  w a s  n o t  included because t h e  nuclear  energy r e l e a s e d  i n  t h e  

s o l a r  i n t e r i o r  dur ing  t h e  s u n ' s  l i f e t i m e  i s  o rde r s  of magnitude 

greater than  t h e  scalar f i e l d  v a r i a t i o n  energy i n p u t .  

t h e  neglect of t h i s  extra t e r m  can have very l i t t l e  effect on 

According t o  t h e  v i r i a l  theorem, t h e  binding energy of t h e  

Such an energy inpu'i 

Consequently, 
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t h e  f i n a l  r e s u l t s .  

The evo lu t ion  of t h e  sun  w a s  s t a r t e d  a t  t he  universe  age 

9 Tg = 2.5 X 10 The e v n l v t i ~ ~  X.:SE s t z r t c d  at t;is t:-.;t. 

of s t a b i l i t y ,  a t  which the g r a v i t a t i o n a l  p o t e n t i 3 1  energy of 

sun is j u s t  s u f f i c i e n t  t o  supply the i n t e r n a l  thermal energy, 

t h e  d i s s o c i a t i o n  energy of hydrogen mclecules,  a:id t h e  necessa 

amount of i o n i z a t i o n  energy of hydrogen and helium i n  the i 

The s o l a r  models w e r e  fol.lawed through the e m t r a c t i o n  s t a g e  

the main sequence, and t h e n  through t h e  per iod  of hydrogen 

u n t i l  hydrogen was j u s t  exhausted a t  t h e  c e n t e r .  

yea r s .  

The c h a r a c t e r i s t i c s  of r e p r e s e n t a t i v e  models a r e  given 

T a b l e  1. I n  t h i s  t a b l e  t h e  f i r s t  column g i v e s  t h e  s o l a r  e v o i J t i o n  

t i m e  i n  y e a r s  measured from t h e  th re sho ld  of s t a b i l i t y .  

second and t h i r d  columns g i v e  the  r ad ius  and luminosi ty  of - 2 2  

model i n  p r e s e n t  s o l a r  u n i t s .  The f o u r t h  column g ives  the  lo thr? 

of the e f f e c t i v e  temperature of t h e  model, and t h e  f i f t h  c o l ~ r v  

Thc 

I 

g i v e s  t h e  photospheric  d e n s i t y  i n  grams per cubic  cent imeter .  :-!e 

remaining columns g i v e ,  r e spec t ive ly ,  t h e  c e n t r a l  d e n s i t y  i i -  7 

p e r  cub ic  cen t ime te r ,  the  c e n t r a l  temperature  i n  K,  t h e  f r sc  -1 -“!a1 

mass of hydrogen a t  the c e n t e r  of t h e  sun,  and t h e  re la t ive  c;: ~ i -  

bution of t h e  g r a v i t a t i o n a l  energy release t o  t h e  t o t a l  energy 

flowing ou t  of t h e  sun. 

0 
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The luminosi ty  is p l o t t e d  as a func t ion  of &he e f f e c t i v e  

temperature  i n  Figure 2 .  

the t r a c k  which has  prev ious ly  been found fo r  the SUR without 

I n  t h i s  figure t h e  6ashed l i n e  r e p r e s e n t s  

any var-ati~n ~f c -  u, +k;- G A A L c J  track L-- I I U ~  % - - -  ~ e r e  been c-xtendea t o  the point 

where t h e  c e n t r a l  hydrogen has been depleted in t h e  sun a t  a t i m e  

of 10 y e a r s ,  and through the subsequent formation of a hydrogen- 10 

10 . burning s h e l l  source  and evo lu t ion  up t o  an age of 1.4 x 10 

yea r s .  The sol id  l i n e  shaws t h e  t r a c k  followed by t h e  sun wi th  

v a r i a t i o n  of G. I t  may be seen t h a t  t h i s  l i n e  l i e s  a t  s l i g h t l y  

h igher  e f f e c t i v e  temperatures than i n  the cons tan t  G case. Fur ther -  

' more, the s o l i d  l i n e  t u r n s  toward the upper l e f t  a t  a higher  

luminosi ty  than  f o r  cons t an t  G ,  and it i n t e r s e c t s  t h e  main sequence 

p o s i t i o n  a l s o  a t  a h igher  luminosi ty .  A f t e r  reaching t h e  main 

sequence, t h e  l i n e  curves  down toward the  lower r i g h t ,  and a t  an  

age  of 4.5 x 10 yea r s  i t  has about t h e  same e f f e c t i v e  temperature 

as t h e  sun, b u t  t h e  luminosi ty  is about 20% t o o  high.  Hydrogen 

9 

9 
j is  exhausted a t  t h e  c e n t e r  a t  an age of 9.8 x 10 years :  t h e  

t r a c k  t u r n s  up s l i g h t l y  be fo re  t h i s  po in t  is  reached. 

As i n  the case wi th  cons t an t  G ,  t h e  nea r ly  v e r t i c a l  cont rac-  

t i o n  p a t h  of t h e  e a r l y  sun r e p r e s e n t s  models which are f u l l y  

convect ive.  The t r a c k s  t u r n  up toward t h e  lower l e f t  a f te r  a 

c e n t r a l  r a d i a t i v e  co re  has formed i n  the  models and as t h i s  

i 
I 

I 
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r a d i a t i v e  c o r e  grows t o  t ake  i n  most of t h e  m a s s  of the star.  

A f t e r  t h e  sun has become mostly r a d i a t l v e ,  a s m a l l  c e n t r a l  cor\-e,c- 

t i v e  co re  forms, grows u n t i l  a m a x i m u m  s i z e  i s  reached, and E; e-  

g radua l ly  d isappears .  The  c h a r a c t e r i s t i c s  a t  t h e  boundaries c ~ f  

t h e  r a d i a t i v e  and convect ive regions are shown i n  Table 2.  I n  

t h i s  table t h e  first column again g i v e s  the solar evolu t ion  t i n x  

i n  years .  The o t h e r  columns give the c h a r a c t e r i s t i c s  of tne bo14:idary 

between a r a d i a t i v e  and a convective reg ion .  The f i r s t  seque-c: 

of va lues  r e f e r s  t o  t h e  t o p  of the  c e n t r a l  r a d i a t i v e  core;  t?-.t: 

la ter  va lues  refer t o  the t o p  of the c e n t r a l  convect ive core  L Y  r 

t h e  bulk  of t h e  s tar  has become r a d i a t i v e .  T h e  second and sLAi5\ pent 

columns g i v e  t h e  f r a c t i o n a l  mass of t h e  co re  a t  the boundary, ti-:e 

f r a c t i o n a l  r a d i u s  of the boundary, t h e  boundary temperature i n  <, 

and t h e  boundary dens i ty  i n  grams per  cubic  cent imeter .  

This  table may be compared w i t h  Table 6a of Ezer and C: 

(1965). Such a comparison i n d i c a t e s  t h a t ,  r e l a t i v e  t o  t he  

w i t h  c o n s t a n t  G ,  t h e  models with varying G s ta r t  t o  develop a 

r a d i a t i v e  c o r e  a t  t h e  c e n t e r  sooner. A t  a given luminosi ty  

m o d e l s  have a l a r g e r  r a d i u s  and a lower c e n t r a l  d e n s i t y .  

r e s u l t i n g  l o w  o p a c i t i e s  cause a development of a r a d i a t i v e  COT(. 

at the c e n t e r  of the sun a t  considerably lower temperatures  than 

for t h e  c o n s t a n t  G cases. The temperature a t  t h e  bottom of t h s  

J 

Tkz 
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convect ive zone decreases  a s  t he  convective zone erecedes toward 

t h e  su r face ;  t h e  temperature t h u s  never reaches high values.  

This behavior r e s u l t s  i n  less l i th ium burning i n  t h e  varying 

G models thar, in t30 zoiistant G m o c i e i s .  P J e  hatre determined by an 

approximate numerical c a l c u l a t i o n  that Li7 is depleted by only 

loD/, i n  t h e  ou te r  convect ive zone of the sun with varying G .  Thus 

. our f i r s t  s i g n i f i c a n t  conclusion is t h a t  a v a r i e t y  of e f f e c t s  

a s soc ia t ed  wi th  t h e  complicated behavior of s t e l l a r  o p a c i t i e s  

conspi re  t o  i n v a l i d a t e  t h e  simple pred ic t ion  w h i c h  Dicke rnade 

concerning l i t h ium burning. 

I The decrease  of t h e  luminosity and of t h e  e f f e c t i v e  tempera-Ere 

during t h e  main sequence hydrogen 'burning phase of t h e  sun with 

varying G is  an e f f e c t  which has  a l ready been found by Pochoda and 

Schwarzschild (1964). It  may be noted t h a t  t he  models have too  

l a r g e  a luminosity by some 20% a t  t h e  s u n ' s  age of 4.5 x 10 yea r s .  

W e  estimate t h a t  t h e  luminosity would have come ou t  c o r r e c t l y  i f  

9 

t h e  helium con ten t  by MSS of the i n i t i a l  sun had been reduced 

from the assumed va lue  of 24% t o  about  22%. This a l t e r n a t e  choice 

of helium con ten t  would be q u i t e  cons i s t en t  w i th  t h e  u n c e r t a i n t i e s  

i n  the  hydrogen-to-heljum r a t i o  in t h e  sun. 

It is a t  f i r s t  s i g h t  s u r p r i s i n g  t o  f ind  t h a t  t h e  models 

10 
wi th  cons t an t  G and with varying G bo th  take very nea r ly  10 years  
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t o  burn o u t  t h e i r  c e n t r a l  hydrogen, d e s p i t e  the f a c t  t h a t  t h s  models 

w i t h  varying G have a much higher  lurr inosi ty  throughout mos; 

the s o l a r  l i f e t i m e .  This  c a n  occur only i f  much more hyd 

has  been consumed i n  the i n t e r i o r  of t h e  SUE a t  t he  t i qe  

hydrogen burnout f o r  the  varying G c a s e  than foz t h e  cons -dAa - 

case. 

W e  have i n v e s t i g a t e d  t h i s  p o i n t  i n  s e v e r a l  ways. FigGre , 

shows t h e  r a t i o s  of t h e  n e t  r a t e s  of d e s t r u c t i o n  of hydrogen Xi: 

t h e  t w o  branches of the proton-proton cha in .  r is t h e  2 - c .  - sf 
3 , 4  

3 7 
the H e  ( a , y ) L i  r e a c t i o n .  The branch of the proton-proton r:,-,<i -1 

con ta in ing  t h i s  r e a c t i o n  makes one H e  nucleus per  one C a s - -  

proton-proton r e a c t i o n .  T h e  rate r is t he  ra te  of t h e  

H e  (He3,2p)He r e a c t i o n .  I n  t h i s  branch of t h e  proton-proto- 

cha in  the formation of one H e  nucleus r e q u i r e s  two b a s i c  1 1 3  

+ 2 r  ) i nc reases  ,.._ proton  r e a c t i o n s .  The r a t i o  r 

temperature  and He conten t .  I t  may be seen t h a t  when t h i s  rc  - 0  

is high, a greater f r a c t i o n  of t h e  luminosi ty  of t h e  sun w i l l .  , 2  

supp l i ed  by the material a t  t he  very c e n t e r ,  and hence the  ma 

a t  t h e  c e n t e r  w i l l  burn o u t  r e l a t i v e l y  sooner.  Figure 3 shc?.c. 

t h i s  r a t i o  f o r  t h e  varying G and c o n s t a n t  G cases very e a r l y  

solar evolution on t h e  main sequence. I t  may be seen t h a t  1:: le 

constant G case this r a t i o  i s  r a t h e r  small b u t  has a f a i r i y  sharp 

4 

3,3 
3 4 

- 4 

3, 4'(r3, 4 3,3 

4 
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peak toward t h e  cen te r .  I n  t h e  varying G case, the raticl i s  h igher  

and has a much broader  f l a t  peak a t  the c e n t e r  a s soc ia t ed  w i t h  

laser c e n t r a l  convection zone i n  t h e  sun. 

F igu re  4 shows the f r a c t i o n  by mass of helium i n  t h e  p re sen t  

9 
sun, corresponding t o  t h e  age 4.5 x 10 y e a r s ,  fo r  both  t h e  varying 

G and t h e  cons t an t  G cases. I t  may be seen t h a t  much moire helium 

has  been formed f o r  the varying G case than f o r  t h e  cons t an t  G 

case, as w a s  expected. It  may a l s o  be seen t h a t  t h e  excess  h e l i u m  

extends  very s i g n i f i c a n t l y  t o  l a r g e r  mass f r a c t i o n s .  Figure 5 

‘shows a s i m i l a r  p l o t  for t h e  two c a s e s  wi th  t h e  c e n t r a l  hydrogen 

j u s t  depleted. H e r e  it may be seen t h a t  i n  t he  cons t an t  G case 

t h e  central hydrogen i s  deple ted  j u s t  a t  t h e  very c e n t e r  of t h e  s ta r  

and the hydrogen c o n t e n t  then r a p i d l y  inc reases  away from t h e  

c e n t e r .  I n  t h e  varying G c a s e s ,  however, hydrogen has  burned o u t  

n e a r l y  uniformly over a f a i r l y  wide region,  and hydrogen then 

increases away from t h i s  f l a t  p l a t eau .  

i n  t h e  sun w i t h  varying G i s  much g r e a t e r  t han  t h a t  w i th  c o n s t a n t  

G ,  and this indicates why t h e  two model sequences can t ake  n e a r l y  

The amount of helium formed 

t h e  same t i m e  to burn o u t  t h e  c e n t r a l  hydrogen. 

We have found some s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  spectrum 

of n e u t r i n o s  emitted from t h e  p r e s e n t  sun i n  t h e  cons t an t  G and 

vary ing  G cases. Table 3 shows t h e  neu t r ino  fluxes a t  one 



- 16 - 

as t ronomica l  u n i t  fo r  t h e  solar  models w i t h  c o n s t a n t  G which w e r e  

r e p o r t e d  i n  our previous paper (Ezer and Cameron 3.965). Tne 

f irst  fou r  columns g i v e  t h e  evolut ionary age of the s i i n  i_n_ yc:.~-s 

t h e  r a d i u s  i n  s o l a r  u n i t s ,  t h e  luminosity i n  solar u n i t s ,  a1.2 1 

c e n u a l  f r a c t i o n a l  mass of hydrogen. The subsequent columns (;LVC: 

t h e  n e u t r i n o  flux from t h e  r eac t ions  H (p,B v ) D  , B e  (e , ~ r ) L i  , 

B ( e  v)Be I 

1 + 2  7 -  7 

8 +  8* N13(f3+v)C13f and 0 15 ( @  + v)N1'. The l a s t  column 

g i v e s  t h e  t o t a l  n e u t r i n o  flux. T a b l e  4 g ives  a s i m i l a r  set  of 

numbers f o r  t h e  s o l a r  riiodels with varying G .  I n  o rde r  to cmj:ji7jc 

T a b l e s  3 and 4 a t  4.5 x 10 yea r s ,  it would appear appropr i a t c  

t o  decrease  t h e  n e u t r i n o  f l u x e s  i n  Table 4 by about 20%. 

9 

On this basis t h e  present sun wi th  varying G emits apprcx- 

8 
imate ly  fou r  t i m e s  as many neut r inos  from t h e  decay of B 

does t h e  p r e s e n t  sun with cons tan t  G .  This  d i f f e r e n c e  has  pc;_--5 ;lay 

s i g n i f i c a n c e  i n  view of t h e  f a c t  t h a t  t h e  l a r g e  s o l a r  neutr i i l - ,  

as 

d e t e c t i o n  experiment of R.  Davis (19641, c o n s i s t i n g  of a 1arT-r: 

,underground tank  conta in ing  a ch lo r ine  compound i n  which sola: 

37 ('3 n eu t r inos  produce r a d i o a c t i v e  A i s  most s e n s i t i v e  t o  t h e  B 

neu t r inos  from t h e  sun. H i s  experiment, which i s  now i n  preFzlrz< m, 

is  expected t o  d e t e c t  t h e  s o l a r  neut r ino  f l u x ,  and t h e r e f o r e  tbi;a 

is a real p o s s i b i l i t y  t h a t  it w i l l  c o n s t i t u t e  a test of t h e  v a r l c ' i o n  

or nonvar ia t ion  of G i f  s o l a r  models can be s u f f i c i e n t l y  refirieii  
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so that there is agreement about  t h e  expected n e u t r i n o  f lux  i n  

e i t h e r  of the cases. it may be noted t h a t  the  best p i e d i s t i e i l  

of t h e  B neu t r inos  f o r  t h e  p r e s e n t  s u n  wi th  cons t an t  G d7ie t o  

Sears (1964) gives a value which i s  in te rmedia te  be tween the t:m 

numbers g iven  i n  Tables 3 and 4 .  

8 

The failure of t h e  s o l a r  m o d e l  wi th  varying G t o  burn o u t  

i t s  c e n t r a l  hydrogen s i g n i f i c a n t l y  faster than tfie s o l a r  mode1 

w i t h  c o n s t a n t  G raised q u e s t i o n s  i n  our mind concerning the 

p o s s i b l e  r o l e  of stars of about  s o l a r  mass i n  the  e a r l i e r  h i s t o r y  

of t h e  un ive r se  in the cosmology i n  which G v a r i e s .  Consequently, 

c a l c u l a t i o n s  of the evo lu t iona ry  t r a c k s  where r epea ted ,  s t a r t i n g  

t h e  sun a t  the th re sho ld  of s t a b i l i t y  a t  un iverse  ages 

To = 0.5 x 10 y e a r s  and T = 0.1 x 10 y e a r s .  The r e s u l t s  are 

d isp layed  i n  Tables 5 through 8. Tables 5 and 6 are  equ iva len t  

9 9 
0 

t o  Tables 1 and 2, r e s p e c t i v e l y ,  f o r  t h e  models s t a r t i n g  wi th  

To = 0.5 x 10 

t o  T a b l e s  1 and 2 f o r  the m o d e l s  s t a r t i n g  wi th  To = 0 . 1 ~  10 

I n  t h e s e  m o d e l s  G i s  i n i t i a l l y  l a r g e r  than i n  t h e  p rev ious ly  

9 y e i r s .  S i m i l a r l y ,  Tables 7 and 8 are e q u i v a l e n t  

9 yea r s .  

c a l c u l a t e d  m o d e l s ,  and consequently t h e  c e n t r a l  temperatures  i n  

t h e  i n i t i a l  sun  are h igher .  y e a r s ,  

t h e  carbon-nitrogen-oxygen c y c l e s  of nuclear  r e a c t i o n s  make 

s i g n i f i c a n t  c o n t r i b u t i o n s  t o  the energy gene ra t ion  i n  t h e  c e n t e r .  

9 For t h e  case To = 0 . 1  x 10 

I 
I 

I 
1 

I 

1 

I 

i 

i 
I 

I 
I 
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The evolu t ionary  t r a c k s  and t h e  luminos i ty-ef fec t ive  tr- fipc.ra- 

t u r e  diagram are shown i n  Figure 6. It may be s e e n  t h a t  the 

models s t a r t i n g  a t  smaller imivarse ages go t o  ~ i g n i f i c a n t l . , ;  - 

higher l u n i n o s i t i e s  and effective tern,peratures than would kc 7 <7 

case for t h e  p re sen t  sun wi th  varying G .  The tracks then e%-: iL- t  

much more ex tens ive  movement toward lower lumincs i t i e s  and - . f f . x t ive  

' temperatures.  The m a x i m u m  mass f r a c t i o n  of t h e  c e n t r a l  c o ~ t . 7 ~ ~  - v e  

9 core extends t o  17% and 28% of t h e  mass fo r  T = 0.5 x 10 !.'td 
0 

9 and 0.1 x 10 y e a r s ,  as conpared t o  13% of the mass f o r  t2.c . 

To = 2.5 x 10 The times r equ i r ed  for dep le t ion  of i,:, 
9 yea r s .  

9 central hydrogen i n  the cases T = 0.5 x 10 years and 0 .1  x lt3 0 
9 9 y e a r s  are 3.5 x LO y e a r s  and 2.4 x 10 yea r s .  I t  may be seen - h a t  

the first of t h e s e  cases has  a marked reduct ion  i n  t h i s  bur r ! -c> .  

9 t i m e  as compared t o  T = 2.5 x 10 yea r s .  However, there i 1 

much a d d i t i o n a l  reduct ion  i n  l i f e t i m e  f o r  the case T = 0 . 1  -I 

years, presumably owing t o  the much g r e a t e r  e x t e n t  of t h e  C L I  - 2  

0 
I 

0 

convect ive  core  i n  these  models. The more ex tens ive  c e n t r a l  

hydrogen burning which takes place i n  t h e s e  o t h e r  m o d e l  sequ, . .  on( - : 

is i n d i c a t e d  i n  F igure  7 .  I t  may be seen t h a t  t h e  earlier t?.e 

sun s ta r t s  t o  evolve i n  t h e  age of the universe ,  t h e  g r e a t e r  is 

the burn-out of hydrogen i n  t h e  i n t e r i o r  a t  t h e  t i m e  hydrogen 

becomes exhausted a t  t h e  center. 

--- 

I A 
i 
i 
i 

I 

I 
I 
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These r e s u l t s  a r e  p a r t i c u l a r l y  s i g n i f i c a n t  i n  connection wi th  

a qcestion of helium formation i n  t h e  galaxy. ?or tke  case of 

stellar evo lu t ion  w i t h  cons t an t  G ,  Truran, EIanssn, arid Can'eron 

(1965) have shown t h a t  massive :;tars c a n  clmtri m t e  very 1 ittle 

helium t o  the  i n t e r s t e l l a r  medium, b u t  there is a chance t h a t  t h e  

l a r g e  amount of helium i n  t h e  sun could have been made as a r e s u l t  

of stellar evo lu t ion  i n  stars of approximately s o l a r  mass. However, 

t h e  a s s o c i a t e d  universe  ages mus t  be r a t h e r  long and t3e f r a c t i o n  

of i n i t i a l  galact ic  gas 'chat must  be processed is large.  The 

p r e s e n t  r e s u l t s  i n d i c a t e  t h a t  such stellar helium product ion i s  

very d i f f i c u l t  i n  this varying G cosmology. Thus t h e  l a r g e  amount 

of helium i n  the i n i t i a l  sun may have to be a t t r i b u t e d  t o  pr imordia l  

p rocesses  (Peebles  1965). 
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Fiqure  Captions 

F igu re  1: The v a r i a t i o n  of t h e  g r a v i t a t i o n a l  coupling coefficielit G 

2 2  .- 8 w i t h  t i m e .  G(now) = 6.67 x 10 dynes cnt  /gm . 
. Figure  2: Evolut ionary track f o r  the  sun. The sohd i i r i e  is 

t /  

c a l c u l a t e d  w i t h  G varying i n  t i m e .  The dashed l i n e  i 

i 
r e p r e s e n t s  t h e  evolu t ion  of t h e  sun w i t h  cons t an t  G. 

The c r o s s e s  on t h e  t r a c k s  correspond t o  t h e  p o i n t s  a t  

'which t h e  c e n t r a l  hydrogen has  been deple ted  i n  t h e  S U R .  

e r a t i o s  of t h e  n e t  rates of d e s t r u c t i o n  of hydrogen 

by two branches of the proton-proton cha in ,  f o r  varyillhi (; 

and cons t an t  G ,  very e a r l y  i n  t h e  main-sequence s o l a r  

evolu t ion .  

Helium concen t r a t ion  by mass as a func t ion  of m a s s  frac 

! 

Figure  4: 
I 

1 

i n  t h e  p r e s e n t  sun, f o r  bo th  varying G and cons t an t  G 

cases 

1 ,  
- 1  

' I  i 

Helium concen t r a t ion  by m a s s  as a func t ion  of mass 

f r a c t i o n ,  for varying G and c o n s t a n t  G models having 

c e n t r a l  hydrogen j u s t  depleted, 

The luininosi ty-effect ive temperature '  diagram f o r  a 

one s o l a r  mass star s t a r t i n g  evo lu t ion  a t  t h e  indicateci  

igure 6: 

i on ,  
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E Figure 7 :  The f r a c t i o n  by mass of helium i n  t h e  sun  when 

. c e n t r a l  hydrogen is j u s t  depleted. Each curve 

r e p r e s e n t s  the ind ica t ed  universe  ages  f o r  t h e  

beginning of stellar evolu t ion .  



6 - 44 - 

I .6 

1.4 

I 

i 

1 .  

I .3 

1.2 

I . I  

I .o 

* 

I I I 1 I *  1 ' 1  I I I I I'x ! 

0.1 .2 .4 .6 .8 I. 2 4 6 8 1 0  

Time (io9 years)  

Figure 1 



- 45 - a 
i 
t' 

f 

- ;a 

I 
! 

IO 

VL, 

I 

10 

I 

Id' 

I I I I I I I 

1 

- Varying G 
--_-_-- Constant G 

/L !o* years 1 I I 

/ I 

0 4  years 

I 
I 
I 

b 105 years 
I 
I 

I 

I 
I 

Core I 

Hydrogen I 
Depletion 

iely Convective 

I I I I I I 1 

2 ' 6  5 4 3 2 8 
EFFECTIVE TEMPERATURE (io3 K )  

Figure 2 



0.20 

0.15 

0.10 

0.05 

0.00 

- 46 - 

Varying G t = 4 . 5 2 ~  IO' yeors 
t = 5.16 x IO8 years ----- Constant G 

0.0 0.1 0.2 
Mr /M 

0.3 

Figure 3 

0 .La 



a 

m 

. 

1 

I 1 I 

I- z I 

w 
v, 
w 
a. 
a 

(3 

Q, 
C .- 

"- 1 



pi& 

- 40 - 
t 

I I I 

0 



- 49 - 

p 

1 r/ 1 I - 
J -0 "0 '0 'b P J 

i 

4 



- 50 .. 

1 I -I---- 
e: 
0 

I 

. 

WC1113H A 0  SSVW Af l  N0113WUd t 
i 

- 1 ,  


